The influence of temperature, slag basicity and Cr 2 O 3 content on the viscosity of stainless steelmaking slags has been experimentally determined. The viscosity is mostly affected by the combination of basicity and Cr 2 O 3 content. The results are discussed by considering the Iida model for the fully liquid slag and the Herschel-Bulkley equation for the solid-bearing slag. For the liquid slag, the predicted viscosity values by the original Iida model do not agree very well with the measured ones, because the model does not include the amphoteric behavior of Cr 2 O 3 and underestimates the basic character of Al 2 O 3 . With the presently optimized parameters in the Iida model, the calculation is consistent with the measured viscosity values of the fully liquid slag with an error of 30%, which is fairly acceptable. At high basicity and high Cr 2 O 3 contents, the presence of solid particles in slag has a paramount influence on the viscosity. It was also found that the solid-bearing slags exhibit evident Bingham pseudoplastic behavior with a residual torque of 0.12 mNm and 0.99 mNm in the investigated samples.
Introduction
For mathematical models that simulate metallurgical processes, the slag viscosity is an important parameter. Despite the considerable amount of work on the viscosity of ferrous and non-ferrous slags, [1] [2] [3] [4] literature on the viscosity of stainless steelmaking slags is rather limited. [5] [6] [7] [8] Consequently, theoretical and (semi) empirical models for the derivation of the viscosity of stainless steelmaking slags have not been fully developed and evaluated so far.
Contrarily to carbon steel production, large amounts of chromium are oxidized during stainless steelmaking. This results in the presence of solid particles in the slag, i.e. Mg(Cr,Al) 2 O 4 . Therefore, the properties of stainless steelmaking slags are significantly different from carbon steel production and slag foaming (in EAF) is less common in stainless steelmaking process. Slag foaming in the EAF is promoted by relatively high basicity (CaO + MgO/SiO 2 ), i.e. above 1.6, 9) while the Cr 2 O 3 content may not exceed a threshold value of about 13%. 10) High Cr 2 O 3 contents give rise to solid spinel particles in the slag, which deteriorate the chromium recovery. 10, 11) The slag viscosity is a key parameter determining the foamability and the reaction kinetics. [8] [9] [10] 12) Understanding the factors that affect the slag viscosity enables slag optimization for slag foaming and chromium recovery in the EAF stainless steelmaking process. This paper describes
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Zhuangzhuang LIU, 1) * Rob DEKKERS, 2) Bart BLANPAIN 1) and Muxing GUO 1) with respect to liquid slag, provided that it is not oxidized. The dimensions of the Mo crucible and the Mo spindle are shown in Fig. 1 . A Mo wire with 2 mm diameter and 720 mm length connects the spindle to the viscometer.
Slag Samples
Slag samples 1-4 ( Table 1) were prepared from mixed industrial stainless steel slags. Basicity is defined as (mass% CaO + mass% MgO)/mass% SiO 2 . Samples 5-9 were prepared by mixing crushed industrial slag samples with silica powders up to the desired basicity (0.6 and 1.0). Slags 10-12 are completely synthetic and have a low chromium content. The weight of slag was 200 grams for all samples. The slags can be classified into three ranges of basicity and three ranges of Cr 2 O 3 content. The basicity classes are: low (0.5-0.6), medium (0.9-1.0) and high (1.3-1.7). The Cr 2 O 3 levels are: low (1.3-1.5), medium (3.1-5.4) and high (5.8-9. 3).
Experimental Procedure
During the complete heating cycle, Ar gas (99.999% Ar) flows through the alumina tube from bottom to top in order to protect the Mo crucible and Mo spindle from being oxidized. The P O2 in the gas outlet is measured to be in the range from 10 − 6 to 10 − 8 atm. According to Degterov and Pelton's work, 13) at P O2 > 10 − 10 atm, the chromium is present as Cr 3 + . Thus, it is reasonable to believe in the present work, the redox state of chromium is 3 + . A temperature profile is measured vertically along the tube, in order to determine the location of the homogeneous temperature zone, as shown in Fig. 2 . The length of the homogeneous zone is approximately 6 cm ( ± 2°C). The crucible was positioned in the constant temperature zone. Since the height of molten slag is around 5.5 cm, it can be heated homogeneously.
Although the torque was recorded continuously, the viscosity was determined after stabilization at specific temperatures, i.e. 1 600, 1 570 and 1 550°C. The slag samples were heated to 1 600°C and kept at this temperature for 5 hours. Then they were slowly cooled to 1 570°C and 1 550°C, respectively, with a cooling rate of 3°C/min. The samples were kept at 1 570°C and 1 550°C for 1 hour.
CaSiO 3 powder (Aldrich company, purity 99%), as a reference slag, was heated up to 1 600°C to determine the Spindle Multiplier Constant (SMC). where μ (mPa·s) is the viscosity of CaSiO 3 at 1 600°C, TK the viscometer constant, i.e. 0.9373, RPM the rotation speed (revolutions per minute) and %Torque the measured value (maximum torque 6.737 × 10 − 3 Nm). The constant SMC depends on the shape and the dimensions of the spindle and the crucible, the immersion depth, the bath level, etc. CaSiO 3 has a congruent melting point of 1 544°C and a viscosity of 240 mPa·s at 1 600°C, 14) which is within the range of slag viscosities to be measured. CaSiO 3 is easily available and does not suffer volatile losses of specific slag components during heating. The alignment of the spindle was repeated three times and showed excellent reproducibility. The value of SMC constant is calculated to be 41.5. This value is very close to the value of 40.1 derived by using the three silicone standard fluids (100, 500 and 5 000 mPa·s) at room temperature. The immersion depth of the spindle is constant for all measurements, i.e. 24 mm from the bottom of the crucible. A change of spindle height affects the measurement seriously, making the results more prone to experimental errors (Fig. 3) . The error in the measured viscosity at different rotational speeds (as the measured slag is Newtonian, measuring viscosity at different rotational speeds is actually repeating the measurements) is typically less than 2% according to the measured data in Fig. 3 . The slag samples were removed from the furnace after cooling at approximately 3°C/min to room temperature, except for slag sample 2, which in addition to the viscosity measurement, was kept in the furnace at 1 600°C for 4 hours, followed by pouring it rapidly on a steel plate (quenching). This sample was compared with a slowly cooled sample with equivalent composition in order to investigate the effect of solidification rate on the slag microstructure.
Microstructural Analysis
Slag samples were investigated by high resolution scanning electron microscopy (SEM) by using a Philips XL30 FEG, equipped with an energy dispersive spectrometry (EDS) detector with an ultra-thin window, which enables detection of elements starting from boron. For the calculation of elemental composition, EDAX software was used applying a ZAF correction. The slag samples were embedded in Technovit resin. Next, they were ground and polished with diamond paste. Finally, the polished surface was coated with carbon. The slags were investigated in back-scattered electron (BSE) mode, in order to examine the different phases. The objective of the SEM investigation was to describe the slag microstructure at high temperature, e.g. the presence of metal droplets or solid phases within the liquid slag matrix. The spinel phase in the slag matrix was analyzed by 20 measurements at least. The area fraction of spinel on a polished surface was quantified by using the image analysis software Leica QWIN (version 2.2) and was considered to be the volume fraction of spinel, providing the solid particles are distributed evenly in the slag matrix. Ten fields were randomly considered for each slag (magnification 100, total area 11 mm 2 per sample).
Results

The Effect of Temperature, Slag Basicity and
Chromium Content In order to investigate the effect of temperature, slag basicity and chromium content on the viscosity of slag, a 3 3 full factorial design with 9 replicas was constructed with factors: the temperature (x 1 ), the basicity (x 2 ) and the mass% 3 full factorial design and 9 replicas. The factors x2 (B) and x3 (Cr2O3) are classified as mean basicity (B) and mean mass% Cr2O3, respectively. The corresponding slag samples with the actual basicity and mass% Cr2O3 are also listed. The temperature (x1) refers to Celsius degree, and the response value is the derived viscosity (mPa·s). Table 2 .
The evaluation was carried out by using the software package Minitab (version 18). A linear model resulted in a lack of fit, hence a quadratic model was considered: The quadratic model shows a strong combined effect of basicity and mass% Cr 2 O 3 (p-value 0). It indicates a minimum effect on viscosity at intermediate mean levels of both basicity and mass% Cr 2 O 3 , resulting in a strong curvature of viscosity from low basicity and low% Cr 2 O 3 corner to high basicity and high% Cr 2 O 3 corner (Fig. 4(a) ). The combined influence is alternatively illustrated by the effect of basicity (Fig. 4(b) ) and the effect of mass% Cr 2 O 3 ( Fig. 4(c) ) on the plot surface, which tilts in a reverse direction with changing basicity and mass% Cr 2 O 3 , respectively. As shown in Fig. 5 , in the case of low basicity (0.57), increasing Cr 2 O 3 content leads to a viscosity decrease whereas in slag with high basicity (1.54), the increased Cr 2 O 3 gives rise to a viscosity increase. These results imply two different roles of Cr 2 O 3 , i.e., network modifier in acidic slags (basicity = 0.57) and network former in basic slags (basicity = 1.54), and this will be further discussed in section 4.1. It is also obvious in Fig. 5 that the viscosity decreases with increasing temperature. However, it should be noticed that in the slag with high basicity (1.54) and high Cr 2 O 3 content (7.63%), the viscosity decreases more significantly comparing to other cases in Fig. 5 . The phenomenon is also shown in Fig.  4 . The significance of the interaction between temperature and basicity is less though relevant (p-
.
. . with R 2 = 73.71, adjusted R 2 = 67.14, and predicted R 2 = 47.05. Adjusted R 2 compares the explanatory power of the regression model by taking into account whether the model improves more than would be expected by chance. Predicted R 2 is calculated by systematically removing each experiment from the data set, estimating the regression equation, and determining how well the model predicts the removed observation. Both Adjusted R 2 and predicted R 2 are important to prevent overfitting of a model.
Slag Microstructure
All slags after the viscosity measurement have been investigated by SEM/EDS in order to evaluate the quantity of secondary phases, e.g. spinel particles, during viscosity measurement. No spinel particles have been observed in slags with basicity of about 0.6 (slag 8-10) and only a few in slags with basicity of 1.0 (slag 5-7, 11-12). However, in slags with higher basicity, i.e. 1.5-1.7 for slag 1-4, spinel particles are clearly present, as shown in Fig. 6 . Particularly in slags 2 and 3, the spinel particle constitute a large fraction of the slag. The average composition of the spinel particles in sample 1-4, based on at least 20 measurements, is listed in It is noticed that no significant difference in spinel composition is detected between the slowly cooled and the quenched sample (see Table 3 slag 2 and 2q). As seen in Fig. 7 , only spinel and periclase are observed as secondary particles in the quenched slag 2 at 1 600°C, implying other mineral phases in the slowly cooled sample are formed during cooling. Specifically, the total area fraction of spinel and periclase is 0.15 in the slowly cooled sample while it is 0.04 in the quenched sample (see Table  4 ). This difference indicates that spinel and periclase constitute 0.11 of the solid fraction during cooling. It is reasonable Table 5 . The specific coefficient (αi) and the hypothetical viscisity (μ0i) of pure oxide i at 1 600°C. to consider slag 1 and 4 as fully liquid at 1 600°C, as the sum of spinel and periclase in slag 1 and 4 (slowly cooled samples) is only 0.02 and 0.04, respectively. Similarly, samples 5-12 are also believed to be liquid at 1 600°C since they contain either no or little spinel and periclase particles in the slowly cooled samples.
Discussion
Application of Iida Model in Completely Liquid
Slag Amongst a number of viscosity models, the Iida model is found to include Cr 2 O 3 3-6) and is employed in this work. The model is based on the network structure of the slag by using a modified basicity index. The Iida model can be represented by the equations: 
. (8)
A and E are parameters determined by fitting a large number of experimental data, μ is the viscosity, T is the absolute temperature, μ 0i is the hypothetical viscosity of pure oxide i , X i is the mole fraction, Bi is the modified basicity, α i is a specific coefficient and W i is the weight percentage of component i. For the present calculation, μ 0i and α i are listed in Table 5 . suggests a network former/acid oxide. In Table 6 , the calculated viscosity (μ cal ) includes the amphoteric character of Al 2 O 3 by using α Al O 2 3 * (according Eq. (10)), while μ m refers to the viscosity measured in the present work. By using the measured viscosity (μ m ) and the combination of Eqs. (4) and (9), the coefficient α Al O 2 3 0 is calculated (Table 6 ). In contrast to Eq. (10) 12 (see Table 6 ) could seem to indicate that a number of large-sized anion units (Al x O y z − ) exist in the slag. However, the apparent highly acid character of slag 2 and 3 is probably due to the presence of solid particles in the slag (which have a similar effect on slag viscosity as large anion units), while the Iida model is only developed for fully liquid slags. Forsbacka and Holappa 6) propose a more basic character of Cr 2 O 3 than was originally used by Iida, 3) i.e. α Cr O 2 3 = 0.71 instead of 0.13. Although the calculated viscosity (µ c Cr , in Table 6 ), taking into account the amphoteric behavior of Al 2 O 3 (according to Eq. 10) and the more basic behavior of Cr 2 O 3 ( α Cr O 2 3 = 0.71) is somewhat closer to the measured viscosities, it still considerably deviates from the measured values, specifically, for the slags with the presence of solid spinel at high temperature (e.g. slag 2 and 3) and for those with low basicity (e.g. slag 8-10). In fact, the measured viscosities for slag 8-10 are much lower than predicted by the Iida model (μ cal in Table 6 ) and even when the basic behavior of Cr 2 O 3 and amphoteric character of Al 2 O 3 are taken into account (see µ c Cr in Table 6 ). By comparing value of α Al O 3) Apparently, these values lead to considerable errors in the present slags. Hence, the parameters should be optimized for the stainless steel slags using the measured viscosity data in this work, as shown in Table 7 . The calculated viscosity µ c * using the Optimized based on present stainless steel slag 5.871 1.1171 −13.481
Fig. 8.
Comparison between measured and calculated viscosity using optimal parameters in Table 7 . The viscosities are measured at 1 600°C. Sample 2 and 3 are not included as they are not fully liquid at 1 600°C. optimal parameters is compared with the measured values as shown in Fig. 8 . The relative error (see Eq. (11)) is 30.0%, whereas it is calculated to be 121.8% and 93.8% for μ c and µ c Cr respectively, using the parameters without optimization, as shown in Fig. 8 .
As shown in Figs. 4 (11) 4.2. Non-Newtonian Flow Behavior of Solid-bearing Slag It was reported that solid-bearing slag exhibit various non-Newtonian flow characteristics with increasing solid fraction. [15] [16] [17] As shown in Fig. 9 , the slag 1 and 4 display a linear relationship between rotational speed (shear rate) and percent torque (shear stress) at 1 600°C, indicating a Newtonian behavior. However, the correlation is non-linear for slag 2 and 3 and the vertical axis is crossed at 1.8 and 14.7 percent torque, respectively. This shear stress has been termed as apparent yield stress, which is a critical value that should be exceeded for a material to flow.
16)
The non-Newtonian behavior observed in sample 2 and 3 is evidently due to the presence of solid particles and is classified as Bingham pseudoplastic flow. Based on previous studies, 15, 16) a yield stress in slags occurs when a solid network is formed, as shown in Fig. 10 . The inter-connected crystals in this skeletal structure can be disrupted with increasing shear rate. Hence, a viscosity decrease is observed with increasing shear rate.
To quantify the Bingham pseudoplastic flow, Herschel-Bulkley equation (Eq. (12)) is employed herein. As shear stress and shear rate are proportional to torque and rotational speed respectively, Eq. (12) is rearranged as Eq. (13). The apparent yield stress and flow index are obtained by fitting the Eq. (13) to the measured data in Fig. 9 . The fitted parameters are shown in Table 8 . Slag 1 and 4 exhibit clearly Newtonian flow, suggesting by the unit flow index. The flow index in slag 2 and 3 is 0.90 and 0.76 respectively, and the residual torque of 0.12 mNm (1.8% torque) and 0.99 mNm (14.7% torque) for sample 2 and 3 respectively. The calculated parameters confirm a Bingham pseudoplastic flow in slag 2 and 3. As discussed earlier, more spinel and periclase particles were found in slag 3 than in slag 2. This indicates that the non-Newtonian flow is caused by the presence of solid phase particles and higher solid fractions give (13) where σ is the shear stress,  γ the shear rate, σ 0 the yield stress, τ 0 the residual torque, m the flow consistency, n the flow index (n = 1, Newtonian, n > 1 shear thickening, n < 1 shear thinning) and α a constant.
The apparent viscosity of non-Newtonian slag can be obtained through dividing shear stress by shear rate, as shown in Eq. (14). As reported in by Liu, 18) both flow index n and flow consistency m are functions of solid content and solid shape. More microstructural details, e.g. volume fraction and aspect ratio of solids, are thus needed to quantify the effect of secondary phase on the stainless steel slag viscosity. where σ 0 * is σ 0 divided by shear rate  γ . To explain the strong influence of the combined effect of slag basicity and Cr 2 O 3 content on the slag viscosity (Fig.  4) both the liquid slag matrix and the presence of solid particles have to be considered. In highly basic slag (slag 1-4), Cr 2 O 3 acts as a network former, hence, increasing the Cr 2 O 3 levels increases the slag viscosity. However, high Cr 2 O 3 contents in high basicity slags exceed the solubility of Cr 2 O 3 and consequently spinel particles form. The formation of spinel is also favoured in case of high MgO and Al 2 O 3 levels (slag 2 and 3). Due to the presence of solid phase particles, a transition from Newtonian to Bingham pseudoplastic flow occurs. The volume fraction and aspect ratio of solid particles are needed to quantify the non-Newtonian viscosity. The solubility of Cr 2 O 3 is higher at lower basicity (10) . Therefore, high Cr 2 O 3 content at lower basicity (e.g. slag 6 and 7, B = 1.0) does not result in the formation of spinel (at high temperature). Low Cr 2 O 3 content and low basicity imply an acidic slag without the presence of solid spinel at high temperature and a lower viscosity is expected with increasing Cr 2 O 3 content as Cr 2 O 3 behaves as a network modifier in this case, i.e. at low basicity. This is demonstrated by the Iida model (Eq. (4)). However, the amphoteric character of Cr 2 O 3 is not included in the Iida model and the model significantly underestimates the basic character of Al 2 O 3 in acidic slags.
Conclusions
The influence of temperature, slag basicity and Cr 2 O 3 content on the viscosity of stainless steelmaking slags has been experimentally investigated. The viscosity is mostly affected by the combination of basicity and Cr 2 O 3 content. The effect of temperature is limited within the investigated temperature range (1 550-1 600°C) , except for the slags with high basicity (1.54) and high Cr 2 O 3 content (7.63%). The results are discussed by considering the Iida model and the Herschel-Bulkley equation. The predicted viscosity values by the Iida model do not agree well with the measured ones as the amphoteric character of Cr 2 O 3 is not taken into account and the basic character of Al 2 O 3 is underestimated in acidic slags. At high basicity and high Cr 2 O 3 contents, the presence of solid particles has a paramount influence on slag viscosity and gives rise to an evident Bingham pseudoplastic behavior with a yield stress of 1.8 torque% and 14.7 torque% and a corresponding flow index of 0.90 and 0.76 in the two solid-bearing slags. Further experimental investigations are required to develop a model that can predict the combined effects of slag basicity and the presence of solid particles on the viscosity of stainless steel slag by considering non-Newtonian flow behavior.
